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ABSTRACT 
 The average temperature in the United States has increased by almost 2ºF since the 
beginning of the 20th century. Such changes in temperature are expected to continue as the 
Earth’s climate changes as a result of the effects of human related activities. In addition, severe 
weather events such as drought and heat waves are expected to increase, and could cause 
increased stress on various societal sectors like energy infrastructure and agriculture. In response 
to the changes in climate, heating and cooling demand has changed, along with the length and 
productivity of the growing season. Metrics for energy demand and for agriculture and 
ecosystems are expected to continue to respond to the changing climate throughout the 21st 
century. The metrics most commonly used for energy demand are heating-degree days and 
cooling-degree days (HDD/CDD hereafter). Since the WWII era, these simple indicators have 
proven useful to energy utilities and military installations to anticipate heating and cooling 
demand. Further, a metric used to estimate growing potential for various crops and effects on 
ecosystems is growing-degree days (GDD hereafter). Along with HDD/CDD, GDD have been 
used for a long time, and can provide useful insights for issues related to agriculture and 
ecosystems. Here we present results analyzing historical and future CMIP5 model data, along 
with various projections into the 21st century. Projections for near-century (2010-2029), mid-
century (2040-2059), and end-century (2080-2099) are computed for the contiguous U.S. The 
regions we consider in the U.S. are those used in the U.S. National Climate Assessment, namely 
the Northwest, Southwest, North Great Plains, South Great Plains, Midwest, Southeast, and 
Northeast. In addition, we analyze changing seasonal distributions for HDD/CDD. While 
classically HDD mainly occur in winter and CDD in summer, these distributions are expected to 
change shape in a warmer climate. Moreover, the growing season for various crops is expected 
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to increase, and as a result, GDD are calculated on an annual basis. Understanding these new 
distributions can aid energy utilities in a broad way what to expect in the coming years. While 
heating demand is projected to decrease by 15-20%, cooling demand is expected to change at a 
much faster rate (in some areas by 100%). These significant changes in HDD/CDD could prove 
useful to energy utilities, engineers, and city planners in a changing climate. Also, while 
increases in GDD could prove beneficial for various crops, this increase by itself is potentially 
misleading once all future impacts from the changing climate are accounted for.  
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Heating and Cooling degree-days 
 For the United States as well as our planet, the decadal averaged temperatures have risen 
steadily over the last five decades (IPCC, 2013; Melillo et al. 2014). Overall, the surface 
temperature increase in the United States has been about 1.5 to 2 degrees F over the 115 years. In 
addition, severe weather-related events, such as heat waves, extreme precipitation, floods, and 
drought, are expected to have increasing trends in various parts of the U.S. throughout the rest of 
this century, adding stress to various aspects of society. As temperatures and the frequency of 
severe events change, so does the way we heat and cool our homes, office buildings, and other 
facilities. The ability to project how much electricity demand will be needed during the rest of 
the 21st century, and beyond, will be vital to many energy utilities to help avoid concerns about 
brownouts and blackouts. The existence of simple metrics enables the analysis of heating and 
cooling demand on different time scales. These metrics, named heating-degree days and cooling-
degree days (hereafter HDD/CDD), anticipate daily heating and cooling needs based off of daily 
averaged temperature. 
 Various degree-day metrics have been used since before the World War II era to give the 
Army Corps of Engineers an idea of energy use in military installations (Thom 1952). Since 
then, HDD/CDD have been used as an estimate of heating and cooling demand for varying 
climatic timescales. As mentioned above, meteorologist H.C. Thom was the first big adopter of 
the degree-day calculation back in 1950’s while he worked at the Weather Bureau (now the 
National Weather Service). He developed a probability density function for degree-days that 
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centered on a predefined temperature scale. While various base temperatures can be used 
depending on the application, the temperature of 65ºF is the most commonly used (Thom 1954). 
Essentially, if the daily average temperature is above 65ºF, one is more likely to cool their home 
or office, while if the daily average temperature is below 65ºF, heating that same building would 
make more sense. 
It wasn’t until the late 1950’s and early 1960’s where CDD became a metric to measure 
cooling demands. Air conditioning was just beginning to enter American homes and offices, 
which added a new demand to the electrical grid. As a result, H.C. Thom developed “The 
Discomfort Index” as a measure of human comfort based on dry and wet-bulb temperatures, but 
it never gained wide use acceptance (Thom 1959).  
A couple of decades later, HDD/CDD computations began to become more complex. 
Quayle and Diaz 1980 looked into how HDD data could be applied towards residential 
applications. They found that a strong correlation existed between consumption of fuel and the 
number of HDD’s. They concluded that this correlation could prove useful for short-term 
forecasts for energy utilities, but in order to forecast longer-term energy consumption, climate 
variability would have to be very well understood.  
While the traditional calculation of HDD and CDD are still useful, and examined in this 
paper, more complex methods to estimate energy use have also been developed. Zhou et al. 2013 
attempted to account for population shifts and different fuel mixes. An example of this would be 
where an urban shift of the population leads to cleaner fuels and more energy-efficient buildings. 
In addition, their metric also accounts for various incomes of individuals and a changing energy 
service. Uncertainties are mentioned, some of which are relevant to this study, in that variation in 
climate models and how population distribution between rural and urban across the world could 
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change energy use. They conclude that ultimately, for both the U.S. and China, final energy 
consumption will decrease, but the decrease is modest (~6%) in their analyses. 
 Müller and Parlow 2013 suggest and present results that show numerical weather 
forecasts can be used as a substitute for observational data while looking at HDD/CDD, with 
errors only ranging from 5-15%. While this model data (the GFS in this instance) was used for a 
much shorter time period than that presented in this study, it illustrated that model data can be 
used as a replacement for observational data, when station data isn’t available. 
 The question we address here is how will HDD and CDD has already changed in the 
recent decades and how it could change in the future based on projections of future climate 
conditions for the United States, relative to both historical model results and observational data. 
How will the demand for energy change in the future? To put it simply, there is a need to 
understand the possible outcome of energy demand into the 21st century resulting from climate 
change. In this study we will present analyses for countrywide and regional changes in HDD and 
CDD for different emission scenarios.  
 
1.2 Growing degree-days 
Another metric similar to HDD/CDD that uses a baseline temperature is growing degree-
days (hereafter GDD). GDD have been used about as long as HDD/CDD (Arnold 1960), and are 
used to predict the growing season of a particular crop, but is also a useful indicator for potential 
stresses on ecosystems. For example, to predict GDD for a crop like wheat, a baseline 
temperature of 0°C is used, and for corn, it’s 10°C (Cross and Zuber 1972; McMaster and Smika 
1988; McMaster and Wilhelm 1997). But in the case of crop phenology, there exists a 
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temperature threshold in which a plant can grow no further. This threshold temperature varies 
from crop to crop, and exists between the 80-90°F range (average temperature).   
As temperatures rise during the 21st century, there will be a large need to understand how 
crop phenology will change relative to the changing climate. Growing season length will change, 
and various stressors will exist (drought, flood, soil moisture, etc.). GDD have been shown to be 
a reliable metric and are often used in various crop analyses (Cross and Zuber 1972; Gilmore and 
Rogers 1958; Yang et al. 2004; Lobell et al. 2011). In addition, McMaster and Wilhelm 1997 
mention that while GDD center around one equation, two different interpretations of the equation 
can be used. For example, if we were calculating GDD for corn, we would use the following 
equation:  
𝐺𝐷𝐷𝑐𝑜𝑟𝑛 =  ?̅?𝑑𝑎𝑦 − 𝑇𝑏𝑎𝑠𝑒 
where ?̅?𝑑𝑎𝑦 is the daily average temperature and Tbase is base temperature. Method 1 
states that if ?̅?𝑑𝑎𝑦 < Tbase, then ?̅?𝑑𝑎𝑦 is set equal to Tbase. For method 2, the calculation is the same 
as the equation above, but treats maximum and minimum temperature separately. If Tmax < Tbase, 
then Tmax = Tbase; and if Tmin < Tbase, then Tmin = Tbase. Ultimately, McMaster and Wilhelm 
concluded that the two different interpretations of the same equation give different results, but 
neither method is more ideal than the other. They suggest mentioning which method is used so 
that the future research can be conducted using the same equation. For this study, the first 
method is used. 
 The purpose of this study is to present projections, relative to historical CMIP5 model 
results and observational station data, for various degree-day variables that could have strong 
implications on energy and agriculture into the 21st century. While each of the variables 
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presented do have limitations, such as grid resolution and uncertain future emissions, they do 
give a general outlook for the years to come.  
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CHAPTER 2 
OBSERVATIONAL AND MODEL DATA USED 
  
Model results used in this study come from the Coupled Model Intercomparison Project 
Phase 5, or CMIP5 (Taylor et al., 2012). CMIP5 is an initiative created by the World Climate 
Research Programme and other organizations to implement a new standard of higher resolution 
climate models. The goal was to build upon the successful CMIP3 suite of models by including 
higher resolution climate models and expanding representation of physical processes (i.e., cloud 
feedbacks and the carbon cycle) (Meehl et al. 2007). For the models in CMIP5 used in this 
analysis (Table 1), all degree-day metrics were calculated for each model, then summed over all 
models and averaged.  
The CMIP5 model data was obtained from the Earth System Grid Federation website 
(http://pcmdi9.llnl.gov/esgf-web-fe/). For each model, historical and future scenarios are 
available. The future scenarios are named Representative Concentration Pathways (RCP), and 
each describes the amount of possible emissions in the future, and the resulting extra radiative 
forcing added to the climate system. RCP 4.5 represents an additional 4.5 W/m2 of warming by 
2100, which is equivalent to about 650-ppm of CO2 by 2100; RCP 6.0 represents 6.0 W/m
2, 
which is equivalent to about 850-ppm of CO2 by 2100; and RCP 8.5 (the worst case scenario, 
and the one we are currently on) by 8.5 W/m2, or 1,370-ppm equivalent CO2 by 2100. Ultimately 
RCP 6.0 was not used for this study due to the lack of sufficient modeling groups’ supporting 
this scenario. A RCP 2.6 exists, which has the climate system peaking at roughly 3 W/m2 by the 
end of the century before decreasing. This is equivalent to about 490-ppm CO2. This scenario 
wasn’t used due to CO2 concentrations already breaking the 400-ppm barrier in 2014, with no 
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large mitigation in CO2 emissions in the foreseeable future (Dlugokencky et al. 2014).  While 
these scenarios represent various radiative forcings given emissions, they also account for 
different policy changes and climate adaptation/mitigation (Moss et al. 2010). These scenarios 
don’t claim to predict the future, but give an idea of what could prevail throughout this century 
with different levels of emissions and adaptation/mitigation policies. Descriptions of the models 
used, and their scenarios, are listed in Table 1. For historical CMIP5 models and observations, 
the time period of 1971-2000 was used. For future data, data for 2006-2100 was broken up into 
three different time-periods: early-century (2010-2029), mid-century (2040-2059), and end-
century (2080-2099). This is discussed further in the Results and Discussion section.  
 The data obtained from the above websites in their original format and resolutions were 
used for seasonal projections. Since each model has a different horizontal resolution, a method 
was needed to interpolate the model data into a uniform resolution in order to construct map 
projections for each scenario. To do this, a technique utilizing spherical harmonics was used 
(Jones, 1999). While many techniques exist, certain interpolation methods should be used for 
smoothly varying variables like temperature. While there is no specific interpolation method for 
a particular variable, using spherical harmonics functions via NCAR’s Command Language 
(NCL) was simple to use, accurate, and easily accessible (See 
https://climatedataguide.ucar.edu/climate-data-tools-and-analysis/regridding-overview for more 
information regarding interpolation techniques). Daily maximum and minimum temperature 
were interpolated separately using spherical harmonics, and then averaged after the fact in order 
to have the most accurate representation of temperature for reach grid cell. While a number of 
horizontal resolutions could have been chosen, a grid of 1°x1° (latitude by longitude) was used. 
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At this resolution, large metropolitan areas could be captured (i.e., Chicago, Los Angeles, 
Phoenix) while not varying a great deal from each model’s original resolution.  
 The observational dataset used is the U.S. Cooperative Observer Network via the NOAA 
National Climatic Data Center (http://www.ncdc.noaa.gov/data-access/land-based-station-
data/land-based-datasets/cooperative-observer-network-coop). This dataset consists of 726 
stations from across the country, with daily maximum and minimum temperature available at 
each. These observations are used to compare with historical CMIP5 model results. This dataset 
was also used by Janssen et al. 2014.  
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CHAPTER 3 
METHODS USED IN THE STUDY 
 
3.1 HDD/CDD Derivations 
 To calculate HDD or CDD, the following simple relationship can be used: 
𝐻𝐷𝐷 = 65°𝐹 −  ?̅?𝑑𝑎𝑦 
𝐶𝐷𝐷 =  ?̅?𝑑𝑎𝑦 − 65°𝐹 
where ?̅?𝑑𝑎𝑦 is the daily average temperature. The base temperature of 65°F is the most common 
reference temperature used, since it has been shown that this is the temperature at which people 
either turn on/off their air conditioning and turn on/off their heat (Sivak 2013; Quayle and Diaz 
1980). To find the amount of HDD or CDD over a particular length of time (i.e., year, season, 
month), summation notation can be used: 
∑ 𝐻𝐷𝐷
𝑛 𝑑𝑎𝑦𝑠
𝑡=0
 𝑜𝑟 ∑ 𝐶𝐷𝐷
𝑛 𝑑𝑎𝑦𝑠
𝑡=0
 
In this study, we calculate both yearly and seasonal HDD/CDD, to give an idea of how 
yearly and seasonal HDD/CDD differ. It is expected that the yearly and seasonal extent of HDD 
will decrease. The reasons are two-fold: (1) with warming temperatures across the United States 
through the 21st century, normal seasonal demand for cooling will increase while normal 
seasonal demand for heating will decrease and, (2) traditional seasons will widen in that summer 
temperatures will occur earlier in the year (into spring) and later in the year (into fall), creating 
additional need for cooling for spring, summer and fall (Melillo et al. 2014). In turn, a shorter 
winter will decrease a demand for heating. 
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While these metrics for anticipating heating and cooling demand have long been used, 
they are limited in their scope. Daily maximum and minimum temperature has been proven to be 
the primary driver of heating and cooling, but other weather and non-weather related aspects can 
also affect heating and cooling demand (Le Compte and Warren 1981). Wind can play an 
important role, especially if a building is poorly insulated. In addition, regions with high relative 
humidity like the Midwest and Southeast may deviate from the normal 65°F threshold. Lastly, 
another method of calculating heating and cooling demand was demonstrated in Cox et al. 2015. 
They compared the classical HDD/CDD calculation with more dynamic solutions that 
incorporated hourly temperature data and the thermal properties of various buildings. They 
concluded that both methods estimated heating and cooling demand within 3-4% of each other. 
 
3.2 GDD Calculation 
 The calculation for GDD is very similar to that of HDD/CDD: 
𝐺𝐷𝐷𝑐𝑜𝑟𝑛 =  ?̅?𝑑𝑎𝑦 − 50°𝐹 
where ?̅?𝑑𝑎𝑦 is the daily average temperature. The base temperature and corn is 10°C, and has 
been proven accurate in many instances (McMaster and Smika, 1988; Cross and Zuber, 1972). It 
is also important to note that when calculating GDD, each crop has a threshold temperature by 
which it no longer grows after exceeding that temperature. The lower threshold for corn is 10°C, 
where if the daily average temperature is below this point, GDD are set equal to 10°C (50°F). 
The upper limit temperature of corn is more complex. For corn, if the daily maximum or 
minimum temperature is greater than 86°F, then those temperatures are set equal to 86°F (Cross 
and Zuber, 1972). The typical growing season for corn is April through October.  
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 It should be noted that GDD are not the only indicator of plant productivity. Calendar 
days can be used to estimate length between various growth stages of a plant, but is susceptible 
to dramatic changes in weather (drought, flood, etc.). While GDD are just as susceptible, GDD 
are based on actual maximum and minimum temperatures, which is the primary indicator of 
plant growth (Arnold 1960; Baskerville and Emin 1969).  Arnold, Baskerville, and Emin also 
mention that for a GDD calculation (at this point in time GDD are called “heat units”), that the 
response of the plant to temperature is linear, which is not always the case. In addition, a plant’s 
response to heat during various growth cycles differs, and should be taken into consideration 
when making the GDD calculation (Wang 1960). Wang 1960 also illustrates that lethal 
temperatures exist for each crops, on both ends of the spectrum, which could be detrimental to 
plant growth (i.e., late spring frost or extreme hot days). Despite these criticisms, while GDD are 
not the only indicator of productivity in plants, the GDD method is still widely used and 
accepted today (Skaggs and Irmak 2012; Mix et al. 2012; Clark et al. 2014).  
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CHAPTER 4 
RESULTS AND DISCUSSION: PROJECTIONS INTO THE FUTURE 
 
4.1 HDD 
 Figures 1, 2, and 3 show changes in HDD for RCP 4.5 for early-century (2010-2029), 
mid-century (2040-2059), and end-century (2080-2099), respectively. To give some perspective 
as what the numbers in these figures mean, the 1971-200 NOAA NCDC Climate Normals are 
used for HDD/CDD. While these values are population-weighted (and the presented data is not), 
the numbers will give some context for projected changes (http://hurricane.ncdc.noaa.gov/cgi-
bin/climatenormals/climatenormals.pl?directive=prod_select&subrnum=). From Figure 1, slight 
to moderate decreases in HDD are observed in the contiguous U.S., with slightly larger decreases 
spanning the Rocky Mountains and upwards into Canada (500-1000 HDD decrease for most of 
the country, approaching 2000 HDD decrease in the Rocky Mountains). Figure 2 illustrates 
conditions during the 2040-2059 time period, and depicts continuing decreases in HDD for the 
entire country, with continued emphasis on mountainous regions and the northern states (500-
2000 HDD decrease for most of the country, approaching 2500 HDD in the Rocky Mountains). 
Figure 3 shows the end of century scenario for RCP 4.5. Here, warming has dramatically 
increased, especially in the previous mentioned regions from Figures 1 and 2 (Melillo et al. 
2014). However, decreases in the southeast are not as pronounced, showing little change 
throughout the 21st century (500-3000 HDD decrease for most of the country, approaching 3200 
in the Rocky Mountains). No matter the time period, decreases in heating occur across the entire 
country. While this doesn’t account for extreme cold events that would require a substantial 
increase in heating for a particular time period, these events are expected to decrease for all 
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emissions scenarios (IPCC 2013; Melillo et al. 2014). In general, overall heating demand is 
expected to decline.  
 Figures 4, 5, and 6 show changes for HDD, but for the more extreme scenario of RCP 
8.5. Again, these figures illustrate changes for early-century (2010-2029), mid-century (2040-
2059), and end-century (2080-2100), respectively. For the early century case (Figure 4), we see 
that this map projection is quite similar to the early century RCP 4.5 figure. Warming in both 
scenarios during this time period is not differentiable quite yet, as we don’t see accelerated 
warming from RCP 8.5 until middle of the 21st century (500-1000 HDD decrease for most of the 
country, approaching 2000 HDD decrease in the Rocky Mountains). As we look at Figure 5, 
depicting decreases in HDD for mid-century, increased warming from the RCP 8.5 scenario 
becomes evident, showing larger decreases in HDD across the country (500-2500 HDD decrease 
for most of the country, with decreases of roughly 3000 in the Rocky Mountains). And finally, 
Figure 6 displays the end century scenario with drastic decreases in HDD across the American 
West and northern states (500-4000 HDD decrease across the country, 4000+ decrease in higher 
elevation areas). From the 1971-2000 NOAA NCDC Climate Normals mentioned above, HDD 
can vary depending on region. For the United States as a whole, 4500 annual HDD are typical. 
On a region basis, values can range from as low as ~2300 HDD in the West South Central 
(Texas, Oklahoma, Arkansas, and Louisiana) to as high as ~6800 in the West North Central 
(North Dakota, South Dakota, Nebraska, Kansas, Minnesota, Iowa, and Missouri). North Dakota 
alone can expect on average to have 9400 HDD each year. 
4.2 CDD 
 Figures 7, 8, and 9 show changes in CDD for RCP 4.5 for early-century, mid-century, 
and end-century, respectively. Note that these figures have a different color scale than the HDD 
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figures (1/4th the scale). Beginning with Figure 7, it is evident that only minor increases in CDD 
occur throughout the country, and almost not at all at higher elevations in the west. This is to be 
expected, since average temperature there rarely reaches above 65°F (100-400 CDD increase 
across the country, with mountainous regions seeing little to no change). Figure 8 tells a similar 
story, but with more evident warming in the Central Plains, Southwest, South, and Midwest 
(100-800 CDD increase across the country, with the Rocky Mountain region still mainly 
unaffected). Figure 9 depicts the end century projection for RCP 4.5. Here it is more obvious 
warming has accelerated, and the need for cooling increases. Despite this warming though, the 
Rocky Mountains remain almost unchanged from the early century projection (300-1000 CDD 
increase throughout the country, with very small changes in higher elevations).    
 For the RCP 8.5 scenario, Figures 10, 11, and 12 show projections for the same time 
periods as above. Figure 10 illustrates similar trends from Figures 1 and 4, in that Figures 7 and 
10 don’t differ much for the early 21st century (100-400 CDD increase for most of the country, 
no changes at higher elevations). But as we can see in Figure 11 that quickly changes as 
increases rapidly take effect over most regions, except the Northwest. The Northwest in all three-
time stages shows little evolution (200-1000 CDD increase across the country, with higher 
elevations mainly unaffected). Lastly, Figure 12 shows increases in CDD for 2080-2099. While 
this figure appears to be similar to it’s mid-century counterpart, the color bar of this figure had to 
be adjusted to twice the values of early and mid-century projections, in order to better represent 
the change occurring (600-2000 CDD increase across the country, with ~100 CDD increases in 
the Rocky Mountains). The changes in CDD into the 21st century are not as drastic as the 
changes in HDD. The main reason for this is that in the mid-latitudes, especially in North 
America, annual average daily temperatures exist mainly under the 65°F threshold, and begin to 
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cross this threshold into the 21st century. If unabated warming continues into the 22nd century, we 
speculate that we would see greater changes in CDD than in HDD. 
 In order to gain some understanding of what the above projected changes in CDD means, 
the 1971-2000 population-weighted CDD via NOAA NCDC are presented. On average, the 
United States sees about 1250 CDD per year, but the regions vary greatly. The region recording 
the lowest amount of CDD per year is the New England area (Connecticut, Maine, 
Massachusetts, New Hampshire, Rhode Island, and Vermont), with annual values around 450 
CDD each year. The region with the highest annual amount of CDD is the West South Central, 
recording almost 2500 CDD. States such as Florida can see values as high as 3400 annually.  
4.3 GDD 
 Figures 13, 14, and 15 depict changes in corn GDD for early-century (2010-2029), mid-
century (2040-2059), and end-century (2080-2099) for RCP 4.5, respectively. For all of the corn 
GDD figures, including those for RCP 8.5, only the Great Plains and Midwest regions are 
shown, since the majority of corn production happens in these states. Figure 13 shows conditions 
early in the 21st century for corn GDD. Small increases are recorded throughout the central 
United States, with larger increases in the southern Great Plains and South (250-400 GDD 
increase throughout the Great Plains and Midwest, with larger increases to the south). Figure 14 
illustrates the mid-century case for RCP 4.5. Note that the color scale was adjusted in order to 
capture larger changes for this time period. Moderate increases in potential GDD for corn span 
the entire Great Plains and Midwest (400-700 GDD increase across the board). Similarly, Figure 
15 shows increases for the end-century time period relative to 1971-2000. The color scale was 
kept the same as the mid-century figure, so that differences between the two time periods could 
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be seen clearly. By 2080-2099 for RCP 4.5, large increases in potential corn GDD are shown 
(750-1000 GDD increase for most of the Central United States). 
 For scenario RCP 8.5, Figures 16, 17, and 18 show changes in corn GDD at the 
beginning, middle, and end of the 21st century. Figure 16 has the same color scale as its RCP 4.5 
counterpart, and similar changes occur in both scenarios (250-400 GDD increase). By mid-
century (Figure 17), RCP 8.5 begins to deviate, and large increases in corn GDD are prevalent 
throughout the region shown (750-1000 GDD increase, mainly occurring from north to south). 
For the end-century RCP 8.5 scenario, the color scale had to be adjusted again due to large 
increases in temperature towards the turn of the century (1500-2000 GDD increase for the Great 
Plains and Midwest). While these changes in corn GDD appear to be beneficial, increases in 
temperature by the end of the 21st century for RCP 8.5 would likely be more detrimental. 
Coupled with increases in heat waves and extreme events, stress on corn during various growth 
stages is more likely. 
 To give some perspective to what these projected changes in GDD mean, values from the 
National Corn Handbook are presented (Neild and Newman, 1987). The amount of GDD 
required for corn to reach maturity varies some from hybrid to hybrid, but corn maturity can be 
reached at 2700 GDD over a season. During growth, only 200 GDD are needed for two leaves to 
emerge, and 1000 GDD for corn to reach its reproductive stage.  
4.4 HDD/CDD Projections 
 Figures 19 through 33 show line plot projections for HDD and CDD for CONUS and it’s 
regions. Each figure contains projections for RCP 4.5 and RCP 8.5 relative to historical CMIP5 
results (part a) and observational station data (part b). The reference periods are the same as the 
map projections of the interpolated data (1971-2000). The regions displayed are as follows: 
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NorthEast, NorthGreatPlains, SouthGreatPlains, SouthEast, CONUS, SouthWest, MidWest, and 
NorthWest. The shaded area around each line projection shows one standard deviation above and 
below the results, or the 68% confidence interval. As discussed below, there is large variability 
between models and, to a degree, observations and model results. It should also be noted that the 
starting points for some regional plots for both model and observation are inconsistent. Some of 
these inconsistencies exist in other regions, but will be explained here. There are three possible 
reasons for this: 1) Depending on the region (such as the SouthWest), observations can be 
limited in number, so an accurate spatial representation of the region can be more difficult for 
those regions; (2) The ensemble model results don’t fully capture the reference period of 1971-
2000 well; or (3) a combination of the 1 and 2. 
 First, we look at results for HDD/CDD for the NorthEast (Figures 19a -19b, 26a-26b). 
For HDD, both Figures 19a and 19b show the same magnitude of decreases for HDD for both 
RCP 4.5 and RCP 8.5. RCP 4.5 shows decreases of roughly 600 HDD by the end of 2100, 
compared to the beginning the century. RCP 8.5 illustrates decreases of roughly 1000 HDD by 
the end of the 21st century. For CDD in the NorthEast (Figures 26a-26b), RCP 4.5 depicts an 
increase of about 400 HDD by 2100, and this is consistent for both observations and historical 
model results. RCP 8.5 shows increases of about 900 CDD by the end of the 21st century. Again, 
observations and historical model results are consistent. 
 For the NorthGreatPlains, results for HDD/CDD are shown in Figures 20a-20b, 27a-27b, 
respectively. For HDD, both Figures 20a-20b are consistent in the magnitude of decreases. For 
RCP 4.5, HDD decreases by roughly 600, and for RCP 8.5 decreases are on the magnitude of 
1100. For CDD, both observations and model results are consistent in not only magnitude, but 
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starting point as well. Increases are projected for both RCP 4.5 and RCP 8.5, being 400 and 900 
respectively.  
 Moving southward, Figures 21a-21b and 28a-28b show changes in HDD and CDD for 
the SouthGreatPlains. For HDD, starting locations between model and observations varies by 
~150 degree-days. Both show decreases for RCP 4.5 and RCP 8.5 on the magnitude of 400 and 
700, respectively. For CDD, starting locations for model and observations varies considerably 
(~400 degree-days). Again, though, both show the same magnitude of increases for the 21st 
century. RCP 4.5 shows increases of about 400 CDD, while RCP 8.5 projects increases of about 
900 CDD.  
 Next, for the SouthEast, Figures 22a-22b and 29a-29b illustrate changes for HDD and 
CDD. Beginning with HDD, RCP 4.5 depicts decreases of about 350 HDD for both references 
periods, and RCP 8.5 depicts decreases of about 500 HDD. This is the first region where the 
differences between RCP 4.5 and RCP 8.5 are very small. We believe this to be due to the fact 
that the SouthEast already being warm during the winter, so that further decreases in heating are 
less compared to other regions. For CDD though, this is not the case. Figures 29a-29b show 
changes for CDD in the SouthEast. Both figures show increases for RCP 4.5 on the order of 300 
CDD, and for RCP 8.5, 900 CDD.  
 For the country as a whole, Figures 23a-23b and 30a-30b show HDD and CDD for 
CONUS (Continental United States) throughout the 21st century. HDD for CONUS are projected 
to decrease by about 500 for RCP 4.5, and 850 for RCP 8.5. Again, the starting point between 
model and observations differs, but they both agree on the amount of change projected to occur. 
For CDD, increases for RCP 4.5 are roughly 350 and for RCP 8.5, 850. As stated earlier, a large 
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standard deviation exists between both the historical model results and observations. Despite 
this, increases in CDD are expected to increase, while HDD are expected to decrease. 
 The next region is the SouthWest, whose changes are shown in Figures 24a-24b and 31a-
31b. There is large disagreement for the starting point of projections, but as stated earlier in the 
results, this is to be expected for a region with sparse observational data. Looking at HDD, 
decreases of 300 degree-days are displayed for RCP 4.5 and decreases of about 900 degree-days 
are shown for RCP 8.5. For CDD, both experiments agree on about a 300 CDD increase for the 
RCP 4.5 scenario, and an 800 CDD increase for RCP 8.5. It should also be noted that while the 
starting location for both experiments differed for HDD, for CDD they both approximately start 
at 0 (changes relative to 1971-2000).  
 For the MidWest, results for both experiments can be found in Figures 25a-25b and 32a-
32b. The MidWest is consistent with most other regions, in that decreases in HDD for RCP 4.5 
500-600 degree-day range. For RCP 8.5, decreases on the magnitude of 1000 are projected by 
the end of the 21st century. For CDD, increases of 400 degree-days are shown for RCP 4.5 and 
1000 degree-days for RCP 8.5. 
 Finally, the last region is the NorthWest, whose plots are shown in Figures 26a-26b and 
33a-33b. First, HDD for the NorthWest are projected to decrease by roughly 500 degree-days for 
the RCP 4.5 scenario, and 850 degree-days for the RCP 8.5 scenario. The NorthWest also shows 
some large discrepancies in its start location, but again, each projection shows similar 
magnitudes of change. For CDD, increases for RCP 4.5 are on the order of 200 degree-days, 
while for RCP 8.5, increases ramp up to roughly 650 degree-days.  
4.5 Discussion of Results 
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 As shown above, HDD are projected to decrease for every part of the 21st century relative 
to 1971-2000, and for all emission scenarios and for all regions. This is consistent with similar 
studies, in particular reports published by the National Climate Assessment (under the U.S. 
Global Change Research Programe) and the National Oceanic and Atmospheric Administration 
(Melillo et al. 2014; Kunkel et al. 2013). In these studies, both parties used a model ensemble 
known as NARCCAP (North American Regional Climate Change Assessment Program). 
NARCCAP consists of 6 regional climate models at a higher resolution that typical global 
climate models. As for emission scenarios, the NARCCAP models contain a high emissions 
scenario (A2) and a lower emissions scenario (B1). These scenarios have been used for past 
IPCC reports (IPCC 2013), but now the making of scenarios has been passed to the research 
community (Moss et al. 2010). The A2 scenario assumes continued increases in greenhouse 
gases and rapid warming of the planet. The B1 scenario assumes significant reductions in 
emissions, and thus, less warming throughout the 21st century.  
 Although the NCA report only shows map projections of CDD for both the B1 and A2 
scenarios, their results strongly agree with our findings, in that increases in CDD across the 
country are expected, no matter which emissions scenario is followed. They do report percent 
changes of HDD and CDD relative to 1971-2000, compared to the 2041-2070 time period. They 
found that across the different regions, CDD increased 37-89% and HDD decreased by 15-20%. 
For the NOAA Technical Report, they used the model reference period of 1980-2000 for just the 
A2 (high emissions) scenario. Their future reference period was similar to that of the NCA report 
(2041-2070). While percentages were not calculated for this report, their findings are consistent 
with this study and the NCA report. Decreases as large as 2,000 HDD were found in the Rocky 
Mountain areas, and, as expected, the smallest decreases in HDD were found in warmer regions 
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such as the southeast. For CDD, they projected that the southeast saw the greatest rise (as high as 
1,200 CDD in some areas), while the northwest saw little change (similar to this study and the 
NCA report). In general, both studies are in agreement with the results presented here. 
 What does this mean? With projected decreases in heating and increases in cooling, the 
power grid will come under a lot of stress for the 21st century. Neglecting population growth and 
urbanization, a net change between heating and cooling isn’t expected to be large. While the 
three studies that have addressed HDD/CDD are all in agreement, there are limitations to these 
projections. These include: 1) Spatial distribution of observational data and lack thereof, 2) Most 
model resolutions are still too coarse to depict most metropolitan areas, 3) Future infrastructure 
changes to address the power grid, and stresses that will be added into the 21st century, 4) 
Extreme weather events in the future, etc.  
 For GDD, the story is more complicated. While results presented here have shown that 
corn GDD (corn GDD can be used for a variety of crops that are not affected by photo-period) 
will increase in the Midwest and the Great Plains, there are caveats (the photo-period of a plant is 
its response to the length of day). Despite the potential for a longer growing season (increase in 
frost-free season, GDD increase), there are negatives as well (Melillo et al. 2014; Sillman et al. 
2013). Larger exposure to drought and extreme temperatures, shifting precipitation regimes, 
extreme weather events such as tropical storms and tornadoes, brings uncertainty for crop 
production into the 21st century. While GDD is only one tool used in the agricultural community, 
the analyses done in this study provide insight of what could be. With world population expected 
to hit 9 billion people by the middle of the 21st century, food production will be more vital than 
ever.  
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CHAPTER 5 
CONCLUSIONS 
 Energy demand and growing-degree days are projected to change into the 21st as the 
planet begins to embrace a new climate. While HDD are projected to decrease across the country 
for all emissions scenarios, and CDD increase, it is still unknown to what affect this will have on 
society. Other variables such as infrastructure, technology, and population growth come into 
play, but the trend for a changing energy outlook is clear. The same story exists for GDD, in that 
while an increase in length of the growing season is expected, what impact will a 21st century 
climate have on future crops? This is more uncertain than HDD/CDD, since what we determine 
to use crops for (energy vs. food), will also play a role.  
 In this study we have shown projections of HDD/CDD/GDD into the 21st for different 
emissions scenarios. These projections are consistent with other studies performed over the past 
few years. In addition, while historical model results and observations don’t always agree, the 
magnitudes across both experiments are consistent for all regions. CMIP5 model results were 
also interpolated into a common 1°x1° grid, so that ensemble map projections for models could 
be shown. The results from these interpolations are consistent with the original CMIP5 model 
results, and make available another way to interpret said data.  
 This work leaves us with a greater understanding of potential outcomes for energy 
demand and the growing season for crops and the biosphere. Hopefully future work will include 
more complete observations as observational networks continue to grow, and scientific studies 
find new and creative ways to interpret data. Furthermore, as technology advances, global 
climate models will become more intricate with new understandings of the atmosphere, and finer 
and finer horizontal and vertical resolutions. Also, while the degree-day method for energy and 
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growing season are not the most accurate method for calculating energy and growing season, it’s 
some of the best methods we currently have. Future work will include new methods to anticipate 
energy demand and growing season, with higher accuracy.  
 The evolution of energy and agriculture into 21st century are two of many concerns with a 
changing climate. To help mitigate the damage, action needs to be taken to reduce emissions, so 
that the damage is lessened to society, and to the earth. The results from this study are just a few 
insights into the future, and don’t claim to be the end-all scenario. While the results are 
promising, more work on the subject needs to be done.  
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TABLES AND FIGURES 
 
Table 1: CMIP5 models and their corresponding experiment runs. While multiple ensembles 
were available for many models, only ensemble r1i1p1 was used (http://pcmdi9.llnl.gov/esgf-
web-fe/). 
Model Historical RCP 4.5 RCP 6.0 RCP 8.5  
ACCESS1-0 x x x x 
ACCESS1-3 x x  x 
BNU-ESM x x  x 
CCSM4 x x x x 
CESM1-BGC x x  x 
CMCC-CM x x  x 
CNRM-CM5 x x  x 
CISRO-Mk-6-0 x x x x 
CanCM4 x x   
CanESM2 x x  x 
EC-EARTH x x  x 
FGOALS-g2** x x  x 
GFDL-CM3 x x x x 
GFDL-ESM2G x x x x 
GFDL-ESM2M x x x x 
HadCM3 x x   
HadGEM2-CC x x  x 
HadGEM2-ES x x x x 
IPSL-CM5A-LR x x x x 
IPSL-CM5A-MR x x  x 
IPSL-CM5B-LR x x  x 
MIROC-ESM x x x x 
MIROC-ESM-
CHEM 
x x x x 
MIROC4h x x   
MIROC5 x x x x 
MPI-ESM-LR x x  x 
MPI-ESM-MR x x  x 
MRI-CGCM3 x x x x 
NorESM1-M x x x x 
bcc-csm1-1 x x x x 
bcc-csm1-1-m x x x x 
inmcm4 x x  x 
 
** The FGOALS-g2 model was not used due to its lack of data for desired years of climatology. 
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Figure 1: Decreases in HDD for early century (2010-2029) for RCP 4.5 relative to model 
climatologies of 1971-2000.  
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Figure 2: Decreases in HDD for mid-century (2040-2059) for RCP 4.5 relative to model 
climatologies of 1971-2000. 
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Figure 3: Decreases in HDD for end century (2080-2099) for RCP 4.5 relative to model 
climatologies of 1971-2000. 
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Figure 4: Decreases in HDD for early century (2010-2029) for RCP 8.5 relative to model 
climatologies of 1971-2000.  
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Figure 5: Decreases in HDD for mid-century (2040-2059) for RCP 8.5 relative to model 
climatologies of 1971-2000.  
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Figure 6: Decreases in HDD for end century (2080-2099) for RCP 8.5 relative to model 
climatologies of 1971-2000.  
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Figure 7: Increases in CDD for early century (2010-2029) for RCP 4.5 relative to model 
climatologies of 1971-2000. 
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Figure 8: Increases in CDD for mid-century (2040-2059) for RCP 4.5 relative to model 
climatologies of 1971-2000. 
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Figure 9: Increases in CDD for end century (2080-2099) for RCP 4.5 relative to model 
climatologies of 1971-2000.  
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Figure 10: Increases in CDD for early century (2010-2029) for RCP 8.5 relative to model 
climatologies of 1971-2000.  
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Figure 11: Increases in CDD for mid-century (2040-2059) for RCP 8.5 relative to model 
climatologies of 1971-2000. 
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Figure 12: Increases in CDD for end century (2080-2099) for RCP 8.5 relative to model 
climatologies of 1971-2000. Note that this figure has a different color scale than the previous two 
figures.  
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Figure 13: Increases in corn GDD for early century (2010-2029) for RCP 4.5 relative to model 
climatologies of 1971-2000. 
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Figure 14: Increases in corn GDD for mid-century (2040-2059) for RCP 4.5 relative to model 
climatologies of 1971-2000. Note the differences in color scale compared to Figure 13. 
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Figure 15: Increases in corn GDD for end-century (2080-2099) for RCP 4.5 relative to model 
climatologies of 1971-2000. 
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Figure 16: Increases in corn GDD for early century (2010-2029) for RCP 8.5 relative to model 
climatologies of 1971-2000.  
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Figure 17: Increases in corn GDD for mid-century (2040-2059) for RCP 8.5 relative to model 
climatologies of 1971-2000. 
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Figure 18: Increases in corn GDD for end-century (2080-2099) for RCP 8.5 relative to model 
climatologies of 1971-2000. Note color scale is larger compared to RCP 4.5 end-century case. 
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Figure 19a and 19b: (a) HDD relative to historical CMIP5 model results for the NorthWest, and 
(b) HDD relative to observations for the NorthWest. 
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Figure 20a and 20b: (a) HDD relative to historical CMIP5 model results for the 
NorthGreatPlains, and (b) relative to observations for the NorthGreatPlains. 
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Figure 21a and 21b: (a) HDD relative to historical CMIP5 model results for the 
SouthGreatPlains, and (b) relative to observations for the SouthGreatPlains. 
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Figure 22a and 22b: (a) HDD relative to historical CMIP5 model results for the SouthEast, and 
(b) relative to observations for the SouthEast. 
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Figure 23a and 23b: (a) HDD relative to historical CMIP5 model results for the CONUS, and 
(b) relative to observations for the CONUS. 
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Figure 24a and 24b: (a) HDD relative to historical CMIP5 model results for the SouthWest, and 
(b) relative to observations for the SouthWest. 
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Figure 25a and 25b: (a) HDD relative to historical CMIP5 model results for the MidWest, and 
(b) relative to observations for the MidWest. 
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Figure 26a and 26b: (a) HDD relative to historical CMIP5 model results for the NorthWest, and 
(b) relative to observations for the NorthWest. 
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Figure 27a and 27b: (a) CDD relative to historical CMIP5 model results for the NorthEast, and 
(b) relative to observations for the NorthEast. 
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Figure 28a and 28b: (a) CDD relative to historical CMIP5 model results for the 
NorthGreatPlains, and (b) relative to observations for the NorthGreatPlains. 
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Figure 29a and 29b: (a) CDD relative to historical CMIP5 model results for the 
SouthGreatPlains, and (b) relative to observations for the SouthGreatPlains. 
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Figure 30a and 30b: (a) CDD relative to historical CMIP5 model results for the SouthEast, and 
(b) relative to observations for the SouthEast. 
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Figure 31a and 31b: (a) CDD relative to historical CMIP5 model results for the CONUS, and 
(b) relative to observations for the CONUS. 
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Figure 32a and 32b: (a) CDD relative to historical CMIP5 model results for the SouthWest, and 
(b) relative to observations for the SouthWest. 
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Figure 33a and 33b: (a) CDD relative to historical CMIP5 model results for the MidWest, and 
(b) relative to observations for the MidWest. 
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Figure 34a and 34b: (a) CDD relative to historical CMIP5 model results for the NorthWest, and 
(b) relative to observations for the NorthWest. 
